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1. Introduction 
Numerous studies have shown that the plasma 
membrane has a fundamental role in the regulation of 
cell metabolism [l-4]. Attention has been focussed 
on the transmembrane control mechanism concerning 
the interaction between plasma membrane and cyto- 
skeletal structures [2-121. For the transfer of biolog- 
ical information from external surface to cytoplasm, 
3 steps are postulated: 
(i) Interaction of surface receptors with ligands at 
the external cell surface; 
(ii) Transmission of the information across the plasma 
membrane; 
(iii) Modulation of cytoplasmic components at the 
inner surface of the membrane. 
For example, cell agglutination by concanavalin A 
(con A) is accompanied by the redistribution of con 
A receptors on the cell surface from a random pattern 
to form a cap [2], and microtubules and microfila- 
ments are involved in the transmembrane control of 
redistribution of lectin receptor sites in the cell mem- 
brane [2,3]. Therefore, the interaction of cytoplasmic 
proteins with the plasma membrane through their 
lipophilic nature and affinity to the membrane-inte- 
grated proteins have an important role for the regu- 
latory mechanism of the transmembrane control sys- 
tem in cells. 
Here we report our attempts to determine the exis- 
tence of an interaction between cytoplasmic proteins 
and artificial lipid vesicles, liposomes. We find that 
cytoskeletal components such as tubulin, actin and 
ol-actinin have a strong tendency to associate with 
liposomes and that this characteristic, which may be 
altered by several physiological conditions, is respon- 
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sible for their interaction with lipid components of 
liposomes. 
2. Materials and methods 
Polymorphonuclear leukocytes (PMN) of guinea 
pig, Ehrlich ascites tumour cells (EATC), human plate- 
lets and rat brain and liver were studied. 
The interactions of liposomes with cytoplasmic 
proteins of various cells or purified proteins were car- 
ried out by modification of the method in [ 131: Cells 
or tissues were suspended in hypotonic saline solution, 
10 mM NaC1-15 mM phosphate buffer (PH 6.75)- 
1 mM MgCla, and homogenized with a Teflon-glass 
homogenizer at 4°C. The homogenate was centrifuged 
for 60 min at 100 000 X g and the supernatant frac- 
tion was kept at 4°C until required. 
Actin and tubulin were purified from rat muscle 
and brain as in [ 141 and [ 151, respectively. 
Liposomes were prepared as follows: 15 mM di- 
myristoyl phosphatidylcholine (DMPC) was dissolved 
in chloroform-methanol (2: 1, v/v) in the presence or 
absence of 1.5 mM cholesterol, 1.5 mM cetylamine 
and 1.5 mM dicetylphosphate. Aliquots (5 ml) of 
these lipid solutions were evaporated in test tubes 
using a Taiyo concentrator (TC-8). Following the ad- 
dition of 0.1 M NaCl-20 mM phosphate buffer (PH 
6.75) (5 ml) the tube was agitated on a vortex mixer 
for 10 min at 25°C. The multilayered liposomes were 
then sonicated using a sonifier (Branson, type 185) 
for 10 min at 25°C. The interaction of cytoplasmic 
proteins from the homogenates with liposomes was 
carried out as follows: The liposomes (15 I.tmol phos- 
pholipid/ml) were incubated with cytoplasmic or pu- 
rified proteins (10 mg protein/ml) at 37°C for 30 min 
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in the presence of a proteinase i~bitor, TPCK. After 
incubation, the liposome-protein mixture was mixed 
with equal volume of 1.10 density Ficoll solution con- 
taining 0.1 M NaCl-20 mM phosphate buffer (PH 
6.75). The mixture (2 ml) was layered within a dis- 
continuous Ficoll density gradient of the following 
densities: 1.08, 1.05 (sample), 1.04, 1.03, 1.01 and 
1.007. All the Ficoll densities were made with 0.1 M 
NaCl-20 mM phosphate buffer (pH 6.75). The lipo- 
somes which had interacted with cytoplasmic or puri- 
fied proteins floated upward through this gradient to 
the interface between 1.03 and 1 .OI on centrifugation 
at 100 000 X g for 60 min at 30°C. In some experiments, 
the floated liposomes were washed once through lay- 
ers of 1.05-1.03 specific gravity of Ficoll by centrif- 
ugation at 100 000 X g for 60 min. 
SDS-polyacrylamide gel electrophoresis (PAGE) 
was done as in 1161. All samples were boiled for 2 
min in 1% SDS containing 1% 2-mercaptoethanol. 
Proteins were fixed and stained in 0.25% Coomassie 
blue, 10% glacial acetic acid, 50% methanol mixture 
for 12 h. 
Molecular weights were determined by comparison 
with RF-values of RNA polymerases (Seikagaku Kogyo, 
Tokyo). 
Protein concentrations were determined as in [ 171 
and the phospholipid content of liposomes by the 
method in [ 181. 
3. ResuIts and discussion 
3.1. Association of cytophsmic proteins to liposomes 
As described by many investigators, tubulin exists 
in the plasma membrane and has a lipophilic nature 
[13,19,20]. The nature of membrane association is al- 
so observed in several cytoskeletal elements [21-243. 
The nature of membrane association of tubulin was 
confirmed [ 131 by the interaction of purified tubulin 
and liposomes. Also we have examined the interaction 
between liposomes and cytoplasmic proteins of vari- 
ous cells or purified cytoskeletal proteins, by a modi- 
fication of the method in [ 131. After the incubation of 
cytoplasmic proteins of PMN with liposomes, consist- 
ing of DMPC-cholesterol-cetylamine, for 30 mm at 
37°C certain proteins such as cytoskeletal elements of 
the cytoplasm associate with the liposomes and may 
be separated from other proteins by density gradient 
centrifugation. The separated proteins were MI 
(X 10m3): 45, 52,55 and 110, as determined by SDS- 
PAGE (fig.l,2). These proteins were identical to puri- 
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Fig.1. SDS-PAGE analysis of liposome-associated cytoplasmic 
proteins of guinea pig polymorphonuc~ear leukocytes. PMN 
cytoplasmic fraction was incubated with D~PC-choIesterol- 
cetylamine liposomes for 30 min at 37°C. The Iiposome frac- 
tion was isolated by FicoU density gradient centrifugation 
following the method described: (A) Liposome-associated 
proteins; (B) non-associated proteins; (C) total cytoplasmic 
proteins. 
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Fig.2. Molecular weight of l~posome-associated proteins. 
Molecular weights were determined by SDS-PAGE usmg 
RNA-polymerases as standard proteins. The 45,52,55 and 
1 IO X 1 O3 M, proteins coincide with the M, of actin, o- and 
p-tubulins and or-actinin, respectively. 
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fied actin, tubulin and a-actinin, respectively, as re- 
gards behavior on SDS-PAGE. The purified actin also 
associated with liposomes and floated upward through 
a Ficoll density gradient as observed with cytoplasmic 
proteins. Furthermore, we confirmed the association 
of purified tubulin to liposomes as in [ 131. 
3.2. Tissue specificity on membrane associating char- 
acter of cv toplasm~~ proteim 
The proteins of contractile and cytoskeletal ele- 
ments, actin, myosin, tropomyosin, cY-actinin, tubulin, 
prokeratin, vimentin, gelsolin, actinogelin and desmin 
have been detected in several cells. Most of these ele- 
ments have the ability to associate with biological 
membranes as assessed by electron ~croscopy. Vari- 
ous amounts of these proteins are found in different 
cells: a large amount of tubulin is found in brain, ac- 
tin in platelets and PMN and vimentin in lens-forming 
cells [24]. 
With all the cells or tissues examined, these 45, 
52, 55 and 110 X lo3 M, proteins were detected in 
liposome fraction following separation from the lipo- 
some-protein mixture. The amounts of protein associ- 
ated with liposomes are cell specific: a large amount 
of45 X IO3 M, protein but asmall amount of 52 X lo3 
and 55 X 1 O3 M, proteins were in liposome fraction 
from PMN or platelet homogenate. But a larger amount 
of tubulin and a small amount of actin were recovered 
from brain tissue homogenate as shown in fig.1, fig.3a, 
fig.4. In common with other cell types it was possible 
to demonstrate the association of 45,52,55 and 110 
X lo3 N, proteins from liver and Ehrlich ascites tu- 
mour cells, with liposomes. However, several minor 
unidentified proteins were associated with liposomes 
and separated as shown in fig.3b,c. 
3 -3. Various factors affecting the interaction between 
~~posomes artd c~top~asrn~~ proteins 
The interaction between the cytoplasmic proteins 
and liposomes was affected by lipid composition of 
liposomes. In the case of DMPC liposomes, the affinity 
of cytoplasmic proteins was rather non-specific and 
the amount of protein associated with the liposomes 
was remarkably decreased by addition of cholesterol. 
The reduced association to DMPC-cholesterol lipo- 
somes was reversed by the addition of l/l0 vol. cetyl- 
amine but not by dicetylphosphate (fig.4, table 1). In 
this case, the associated proteins were rather specific 
for cytoskeletai proteins. Fur~e~ore, preli~nary 
experiments on the interaction between cytoptasmic 
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Fig.3. SDS-PAGE patterns of liposome-associated proteins 
of platelets, liver and EhrIich ascites tumour c&k. ~ytop~smic 
proteins were reacted with liposomes as in the case of PMN. 
All the experimental conditions were as in fig.]: (1) human 
platelets; (2) rat liver; (3) Ehrlich ascites tumour cells; (a) 
non-associated proteins; (b) liposome-associated proteins. 
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Fig.4. Effect of liposome components on the association of 
cytoplasmic proteins of rat brain tissue to liposomes. Experi- 
mental conditions were as in fig.1. Liposome components 
were changed as indicated in the figure. DMPC-cholesterol- 
cety~mine-dicetylphosphate @:I :O.l:O.l). AbbrevL2tions: 
D, DMPC; DC,DMPC + cholesterol; DCC, DMPC + cholesterol 
+ cetylamine; DCD, DMPC + cholesterol + dicetylphosphate. 
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